Tensile creep rupture tests using smooth specimens and circumferential U-notched specimens having 4 kinds of notch root radius, and torsional creep rupture tests using smooth and circumferential 60°V-notched specimens of SUS310S austenitic steel with high ductility and high metallographical stability, were conducted at 700°C. In tensile creep rupture tests, it was found that as turning into lower stress level the creep fracture mode of smooth specimens changed from ductile transgranular fracture to brittle intergranular fracture. And irrespective of applied stress and notch geometry, the creep fracture mode of all notched specimens showed brittle intergranular fracture mixed with ductile transgranular fracture. While in torsional creep rupture tests, all smooth and notched specimens in the present test range exhibited a ductile fracture of shear type. These creep fracture modes were discussed on the basis of stress states and steady-state creep stress distributions in notch cross sections calculated by finite element method. The results suggested that mean stress promotes the intergranular creep fracture strongly, and that the equivalent stress promotes the nucleation of intergranular cavities but contributes less to their growth.
Introduction
Many investigations have been made on creep fractures of polycrystalline alloys up to now. Especially, Ashby et al. [1] [2] [3] have studied on fracture mechanisms in detail and proposed fracture-mechanism maps. The maps describe that a material will fracture in a certain mode at a given temperature and under a given uniaxial stress. However, components and structures in actual high-temperature uses are normally subjected to multi-axial stress states. So it is necessary to understand the creep fracture behavior at a multi-axial stress state. Therefore, creep fracture behaviors of notched specimens causing multi-axial stress states have been investigated extensively. 4, 5) And notch strengthening and notch weakening properties have been made clear in some degree. 6, 7) But there are comparatively few studies concerning about the effect of stress states on creep fracture modes.
In order to clarify in what stress states intergranular or transgranular fracture occurs, the present work investigated how creep fracture modes are affected by the differences between tensile and torsional stress states and by the differences in stress states caused by various notch shapes. For this purpose, using a commercial austenitic steel of SUS310S having high ductility and high metallographic stability, tensile creep and torsional creep rupture tests were performed at 700°C. In addition, creep fracture modes of ruptured specimens were examined with optical and scanning electron microscopes (SEM). Furthermore, on the basis of the steady state stress distribution in notch section calculated by finite element method (FEM), the effects of multi-axial stress states on creep fracture modes were discussed.
Material and Experimental Procedure
Commercial austenitic steel with high ductility and high metallographic stability, SUS310S (0.05%C-0.42%Si-1.19%Mn-0.03%P-0.025%S-19.36%Ni-24.32%Cr-bal.Fe), was used in this work. Specimen blanks with 16mm in diameter were solution-treated at 1 100°C for 1 hr, then air-cooled to room temperature. The mechanical properties of the steel at room temperature and 700°C were measured after heat treatment and listed in Table 1 .
Smooth and U-notched specimens were used in tensile creep rupture tests. Smooth specimens were machined to a gauge diameter of 6 mm and a gauge length of 30 mm. Unotched specimens, as shown in Fig. 1 , were machined to circumferential U-notches with a notch root diameter of 6 mm. For producing different multi-axial stress states, these notches were machined to 0.2 mm, 0.5 mm, 1.0 mm and 2.0 mm in notch root radius r. Their stress concentration factors K calculated by FEM are shown in this figure. These notched specimens are called in this work 0.2r, 0.5r, 1.0r and 2.0r specimens for short.
Smooth and V-notched specimens were employed in torsional creep rupture tests. Smooth specimens with a gauge diameter of 6 mm and a gauge length of 30 mm were the same as those in tensile creep rupture tests above. Vnotched specimens were machined to a circumferential 60°V -notch with a notch root diameter of 6 mm, as shown in Fig. 2 . For this notch radius of 0.5 mm, the stress concentration factor K calculated by FEM is about 1.6 in torsion.
Tensile creep rupture tests were performed by a creep testing machine of single-lever type, which was equipped with a dial gauge to measure creep deformation. Torsional creep rupture tests were conducted by a tensile-torsional creep testing machine. Creep rotation angle was measured by a rotary encoder device. Both tensile creep and torsional creep rupture tests were carried out in air at 700Ϯ1°C. The test temperature was controlled by means of a thermoelectric couple placed on the test area of each specimen.
For ruptured specimens, longitudinal sections and fracture surfaces were examined by optical and scanning electron microscopes.
It has been known that during creep deformation distributions of multi-axial stress change with time increments. And the creep crack nucleation and growth resulting in creep rupture have been considered to occur mainly in steady state creep. 8) In this work, distribution of the multiaxial stress components in notch cross sections under steady state creep conditions was calculated by FEM.
Parameters of creep properties obtained from the present tensile creep rupture tests of smooth specimens were used in the FEM analysis.
Results and Discussion

Creep Rupture Life
Tensile creep rupture lives of all smooth and U-notched specimens are plotted in Fig. 3(a) . The creep rupture curve of smooth specimens turns lower right and shows a brokenline bending at a range of 200-300 hr. For all U-notched specimens, the rupture lives are found to be much longer than those of smooth ones at the same applied stresses. In other words, they have exhibited a considerable notch strengthening. On the other hand, torsional creep rupture lives of smooth and V-notched specimens are shown in Fig.  3(b) . It can be clearly noticed that in torsional creep rupture tests all V-notched specimens showed a considerable notch weakening in contrast with the case of tensile creep rupture tests above.
Such notch strengthening and notch weakening behaviors, exhibited in tensile creep and in torsional creep rupture tests respectively, can be easily explained 7, [9] [10] [11] by comparison of the von Mises equivalent stresses s -in smooth and notched specimens, which are calculated by FEM and described later.
Creep Fracture Modes
Tensile Creep Fracture Modes
Longitudinal sections and fracture surfaces of the ruptured specimens were observed under optical and scanning electron microscopes. Firstly, tensile creep fracture surfaces , respectively. From these micrographs, it was observed that every fracture surface exhibited a mixed type of brittle intergranular fracture and ductile transgranular fracture. The region showing the brittle intergranular fracture or the ductile transgranular fracture changed with notch root radii. In the notched specimens with acute or more acute root radii, brittle intergranular fracture was shown in regions near the notch roots, but with approaching to the central areas of the fracture surfaces a ductile transgranular mode was exhibited. So it is assumed that the brittle intergranular fracture was caused by the nucleation and growth of grain boundary cavities near notch roots, whereby the creep deformation was accelerated and the ductile transgranular fracture occurred finally at the central areas. However, with varying the root radius to obtuse, brittle intergranular fracture occurred even at the central areas as well as near the notch root in the notch cross sections. So the fracture reason of the notched specimens with obtuse root radii should be the nucleation and growth of grain boundary cavities in the whole notch cross sections. Furthermore, in any samenotched specimens the qualitative difference of fracture mode due to varying nominal stress was not found.
From the SEM micrographs of these notched specimens ruptured at 220 MPa, area fractions of grain boundary facet on the fracture surfaces are counted. The results are plotted in Fig. 6 , in which abscissa of r/R shows a fractional distance from the center of cross sections (r/Rϭ0) to the notch root (r/Rϭ1). It can be seen clearly that the area fractions of grain boundary facet in notched specimens with acute root radii are smaller at the central areas and become larger with approaching to the notch root. But with varying the root radius to obtuse, the tendency becomes opposite. The area fraction of the facet increases gradually from the notch root to central areas conversely.
Torsional Creep Fracture Modes
In torsional creep rupture tests, both smooth and Vnotched specimens showed a ductile fracture of shear type, regardless of the level of applied stress. As a typical example, Fig. 7 shows an appearance of the fracture surface of a smooth specimen. The longitudinal sections of fractured specimens were also observed under SEM. Fig. 9(a) . From Figs. 9(b) and 9(c) respectively, it can be clearly observed that a large number of cavities nucleated along grain boundaries, whereas some cavities were also formed within grains.
Stress Distributions under Steady State Creep
Conditions It is well known that a notch can cause a multi-axial stress state, and distributions of the multi-axial stress components in a notch cross section are different from those in a smooth specimen tested at the same applied stress. Because of this reason, for the U-notched specimens under tensile steady state creep conditions, distributions of the von Mises equivalent stress s -, mean stress s m and the maximum principal stress s 1 in notch cross sections are calculated by FEM. As an example, Fig. 10 shows the results calculated for a nominal tensile stress of 220 MPa. The abscissa of r/R shows a fractional distance from the center of specimens to the notch root as the same as in Fig.  6 . For comparison, stresses in a smooth specimen at the same nominal stress are also given in these figures as dotted lines. As shown in Fig. 10(a) , the equivalent stresses s -in the whole notch cross sections were found to be much smaller than the values in the smooth specimen. At the center of specimens, the acuter the notch root is, the smaller the values of s -become. And they increase gradually from the center of specimens toward the notch root, becoming the maximum at the region near the notch root. The distribution of mean stress s m is shown in Fig. 10(b) . Except the 2.0r specimen, all notched specimens have the maximum values of s m at a region near the notch root. With decreasing the notch root radius, the position having the maximum value of s m approaches to the notch root, and the maximum value increases. At the central area of specimens, s m becomes larger with varying the root radius to obtuse. The value of s m in the 2.0r specimen has the smallest value at the notch root, but increases gradually to reach a constant at the central area of the specimen. In addition, these notched specimens show larger values of s m over their whole cross sections than the smooth specimen. The distribution of the maximum principal stress s 1 , as shown in Fig. 10(c) , exhibits almost the same tendency as s m .
On the other hand, distributions of the equivalent stress sand the maximum principal stress s 1 in smooth specimens and in notch cross sections of the V-notched specimens under torsional steady state creep conditions are also calculated by FEM. Figure 11 shows the results calculated for a nominal shear stress of 100 MPa applied at the specimen surfaces. As seen from Fig. 11(a) , the values of s -in the cross sections increase from 0 at specimen centers to the maximums at regions where r/R are about 0.75 in the smooth specimen and 0.83 in the notched one. Within an outer region of r/RϾ0.7, the values of s -in the notched specimen become larger than those in the smooth one. The distributions of s 1 , as shown in Fig. 11(b) , have the same tendency as s -. And in the region of r/RϾ0.7, the values of s 1 in the notched specimen are also larger.
Discussion
For general discussions on the effect of stress states on creep fractures, the multi-axial stress parameters should be separately evaluated, [12] [13] [14] because multi-axial stress states arise in notched specimens. These parameters include creep equivalent stress s -, mean stress s m , the maximum principal stress s 1 and the stress triaxiality s m /s -. How the intergranular fracture is influenced by these components will be therefore discussed as follows. Firstly, in torsional creep stress states, s m ϭ0 so that s m /s -ϭ0. Thus, the effects of s -or s 1 should be considered. Between the two stress components,s -has been assumed to control creep rate and govern the nucleation of intergranular cracks or cavities, 15, 16) while s 1 has been reported to govern the crack propagation. 16) In the present torsional creep rupture tests, as stated above, brittle intergranular fracture did not occurr, but a large number of intergranular cavities with large creep deformation of grains were observed near fracture surfaces. From the observed results, it can be assumed that the intergranular cavities nucleated due to the large s -, and the creep deformation was also accelerated, whereas the growth of these cavities was restrained. As a result, a ductile transgranular fracture of shear mode was finally exhibited. Therefore, it is considered that s 1 did not influence on the growth of intergranular cavities in such a ductile material.
Next, tensile creep fracture of the smooth specimens is considered. In this case, s m /s -was independent of applied stress, while s -and s m changed with it. For this reason, at higher stresses intergranular cavities nucleated due to s -, and grew due to s m , 8, [17] [18] [19] respectively. However, creep deformation was also accelerated by s -at the same time. And, because s m was smaller than s -, rupture occurred before cavities grew to coalescence. Therefore, these rupture surfaces exhibited many dimples showing a ductile transgranular fracture with larger creep deformations. On the other hand, at lower stresses the nucleation of intergranular cavities decreased to some degree, but creep deformation was also slowed down. So the intergranular cavities grew sufficiently to cracks due to the s m , and these cracks linked up to the final ruptures. Therefore, these rupture surfaces exhibited a brittle appearance of intergranular fracture. The fracture behavior described above has been shown in the fracture-mechanism maps of Ashby et al. [1] [2] [3] Furthermore, fracture behavior of notched specimens in tensile creep, in which s -, s m and s m /s -in notch cross sections varied, is discussed. It has been described above that tensile creep fracture surfaces of U-notched specimens exhibited mixed modes of a brittle intergranular fracture and a ductile transgranular one. So, relations of the area fractions of grain boundary facet shown in Fig. 6 to each multi-axial stress component exerted at that position shown in Fig. 10 are plotted in Figs. 12-14 , respectively. From Fig. 12 and Fig. 14 , relations of the area fractions of grain boundary facet to s -as well as s m /s -are found to be unclear. However, as shown in Fig. 13 , irrespective of the geometry of notches the area fraction of grain boundary facet increases with increasing s m , even though relatively large scattering is present in this figure. From these results, it can be concluded that s m was the strongest factor promoting the intergranular fracture. However, in this case the s m /s -were in a range of 1/2ϳ3/2 as clearly shown in Fig. 14 and s m were relatively larger than s -in comparison with the case of smooth specimens. So the relation above just shows the effect of s m under the relatively smaller s -. Therefore, based on the relative magnitude of s m and s -, brittle intergranular fracture and ductile transgranular one exhibited in the notched specimens can be explained in the same manner as in the smooth specimens. Figures 15(a) and 15(b) schematically show tensile creep fracture modes of a specimen with an acute notch and one with an obtuse notch, respectively. In the specimen with an acute notch ( Fig. 15(a) ), intergranular cavities nucleate easily and grow faster at the region near notch root, where both of s -and s m are large as shown in Figs. 10. On the other hand, in the specimen with an obtuse notch ( Fig.  15(b) ), s -is evenly distributed in the notch cross section, while s m becomes large at the central area, as shown in Figs. 10. So the intergranular cavities nucleated at the central area grow faster than the ones at other areas. In the present tensile creep rupture tests of U-notched specimens, it is therefore concluded that brittle intergranular fracture occurred at the regions near notch root of specimens with acute notches and at the central areas of specimens with obtuse notches, respectively. Besides, the dimply regions on the fracture surfaces are the final fracture areas, where larger applied stresses were subjected lastly due to the reduction of loading area.
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Conclusions
Tensile creep rupture tests using smooth and circumferential U-notched specimens having 4 kinds of notch root radius, as well as torsional creep rupture tests using smooth and circumferential 60°V-notched specimens, of SUS310S austenitic steel with high ductility, were conducted at 700°C. Effect of stress states on creep fracture modes was discussed. The results obtained are summarized as follows:
(1) In tensile creep rupture tests, the fracture surfaces of smooth specimens changed from a ductile mode to an intergranular brittle fracture with decreasing applied stress (increasing of creep rupture life). All U-notched specimens showed a significant notch strengthening. Their fracture surfaces exhibited mixed modes of intergranular fracture and transgranular fracture. The region, where the intergranular fracture occurred, changed with the notch root radius.
(2) In torsional creep rupture tests, V-notched specimens showed a notch weakening. And all smooth and Vnotched specimens in the present test range exhibited a ductile fracture of shear type.
(3) Effect of the multi-axial stress parameters, especially the equivalent stress s -and the mean stress s m , on creep fracture modes was discussed. The mean stress s m was proven to promote the intergranular creep fracture strongly, and the equivalent stress s -was found to promote the nucleation of intergranular cavities but not to contribute to their growth. (a) A specimen with an acute notch; (b) A specimen with an obtuse notch.
